The brilliantly coloured cone oil droplets of the avian retina function as long-pass cut-off filters that tune the spectral sensitivity of the photoreceptors and are hypothesized to enhance colour discrimination and improve colour constancy. Although it has long been known that these droplets are pigmented with carotenoids, their precise composition has remained uncertain owing to the technical challenges of measuring these very small, dense and highly refractile optical organelles. In this study, we integrated results from high-performance liquid chromatography, hyperspectral microscopy and microspectrophotometry to obtain a comprehensive understanding of oil droplet carotenoid pigmentation in the chicken (Gallus gallus). We find that each of the four carotenoid-containing droplet types consists of a complex mixture of carotenoids, with a single predominant carotenoid determining the wavelength of the spectral filtering cut-off. Consistent with previous reports, we find that the predominant carotenoid type in the oil droplets of long-wavelength-sensitive, medium-wavelength-sensitive and short-wavelength-sensitive type 2 cones are astaxanthin, zeaxanthin and galloxanthin, respectively. In addition, the oil droplet of the principal member of the double cone contains a mixture of galloxanthin and two hydroxycarotenoids (lutein and zeaxanthin). Short-wavelength-absorbing apocarotenoids are present in all of the droplet types, providing filtering of light in a region of the spectrum where filtering by hydroxy-and ketocarotenoids may be incomplete. Thus, birds rely on a complex palette of carotenoid pigments within their cone oil droplets to achieve finely tuned spectral filtering.
Introduction
Many bird species communicate through elaborate visual displays, and a majority of birds rely on vision as their primary sensory modality [1] . The importance of vision is reflected in the morphological complexity and functional specializations of avian photoreceptors. The avian retina contains six photoreceptor types: rods that mediate dim light vision, four spectrally distinct single cones that mediate tetrachromatic colour vision in bright light and double cone photoreceptors that are thought to contribute to luminance discrimination [2 -4] . Each of the cone photoreceptor types contains a differently coloured oil droplet located within its inner segment that filters light as it passes through the cell on its way to the photosensitive outer segment [5] (figure 1a,b). This filtering narrows the spectral bandwidth of the cones and shifts their peak sensitivities in ways that are predicted to enhance colour discrimination and colour constancy [7] [8] [9] .
The elegant tuning of avian spectral sensitivity relies on the precise matching of the oil droplet spectral filtering and photopigment sensitivity within each cone subtype [7, 9] . Photopigment sensitivity is determined by the amino acid composition of the opsin protein, which binds an 11-cis retinal chromophore [10] [11] [12] [13] [14] . Changes in the amino acid composition of the opsin result in shifts in the spectral positioning & 2015 The Author(s) Published by the Royal Society. All rights reserved.
of the photopigment peak sensitivity (l max ). The complementary filtering of the cone oil droplets is achieved through the accumulation of specific types of carotenoid pigments that function as sharply defined long-pass cut-off filters [5] . The absorbance spectra of carotenoids are determined by the degree of conjugation in the molecule and can be shifted to longer or shorter wavelengths through the addition or subtraction, respectively, of conjugated double bonds [15] . Thus, at the level of the photoreceptor, spectral sensitivity is shaped by two distinct mechanisms: (i) the tuning of photopigment sensitivity through opsin sequence evolution and (ii) the precise control of the metabolism and accumulation of carotenoid pigments in the cone oil droplets. The mechanisms of opsin tuning are relatively well understood, and bird opsins (b) A schematic representation of the photoreceptor subtypes of the avian retina: rods, short-wavelength sensitive type 1 (SWS1), short-wavelength sensitive type 2 (SWS2), medium-wavelength sensitive (MWS), long-wavelength sensitive (LWS), and double cones. The oil droplet is coloured to approximate its appearance in the brightfield image. Figure modified from [6] . (c-f ) Normalized absorbance spectra of the major (c,d) apocarotenoids, (e) hydroxycarotenoids and (f ) ketocarotenoids found in the avian retina. The molecular structures of representative carotenoids are shown in (g) with the double bonds in conjugation (highlighted in red) that contribute to the absorbance spectra.
have become a model system for exploring adaptive evolution at a molecular level [12, 13, [16] [17] [18] [19] . In contrast, our understanding of the carotenoid composition and spectral filtering of the cone oil droplets remains limited.
The small size, shape and high density of the cone oil droplets pose major analytical challenges. For example, direct absorbance measurements of the droplets by microspectrophotometry (MSP) are confounded by light that scatters around the droplets [20, 21] . Therefore, many studies of avian visual function have relied upon simplified models of the oil droplet spectra [22] [23] [24] or assumed that the droplets are pigmented with a single pure carotenoid type [25] . However, Goldsmith et al. [5] indicated that some cone oil droplets contain mixtures of carotenoids, which may impact their spectral filtering function in unappreciated ways. The goal in this study was to examine this possibility by determining the precise carotenoid composition and spectral filtering of avian cone oil droplets.
Carotenoids are well known as the diet-derived pigments that create the vibrant colours of many birds, including the red of the cardinal's (Cardinalis cardinalis) plumage or the bright yellow of the canary's (Serinus canaria) feathers. Their presence in the avian retina was first suggested over a century ago [26] , and the first detailed characterizations of these retinal pigments were made more than 60 years ago [27, 28] . In early work, Wald and co-workers [27, 28] identified four major classes of carotenoids in the avian retina that absorb light in different portions of the ultraviolet/visible spectrum, corresponding to their degree of conjugation: apocarotenoids (seven or eight conjugated double bonds), carotenes (11 conjugated double bonds), hydroxycarotenoids (11 conjugated double bonds), and ketocarotenoids (13 conjugated double bonds; figure 1c,f). Subsequently, Goldsmith et al. [5] inferred the carotenoid composition of individual oil droplets by matching the absorbance spectra of isolated expanded droplets to pure carotenoid spectra. They found that the transparent droplets of the short-wavelength-sensitive type 1 (SWS1) cones do not contain carotenoids, and thus have no significant absorbance at wavelengths greater than 300 nm. In contrast, the oil droplets of the long-wavelength-sensitive (LWS), mediumwavelength-sensitive (MWS) and short-wavelength-sensitive type 2 (SWS2) cones each contained a single dominant carotenoid: astaxanthin, zeaxanthin and galloxanthin, respectively. Additionally, the principal member of the double cone had a spectrum that suggested the presence of a mixture of galloxanthin and zeaxanthin [5] . While these observations indicate the dominant pigment within each cone oil droplet type, they do not reveal to what extent mixtures of carotenoids might influence the droplets' spectral filtering function.
To elucidate the carotenoid composition of avian cone oil droplets, we examined the retinas of the domestic chicken (Gallus gallus) using three different approaches. First, we characterized the carotenoid composition of whole retinas using high-performance liquid chromatography (HPLC), which revealed the presence of seven major carotenoid species. Next, we used hyperspectral confocal fluorescence microscopy to examine cone oil droplets in situ and map the distribution of carotenoids among the cone photoreceptor types. This analysis revealed that the oil droplets contain a more complex mixture of carotenoids than previously thought. Lastly, we used MSP to measure detailed light absorbance spectra from intact and diluted cone oil droplets and estimated the composition of individual droplet types by fitting these complex spectra with mixtures of the pure carotenoid spectra from the palette of pigments we identified in our HPLC analyses.
Material and methods

Sample collection
Retinas were collected from 21 day old white leghorn chickens (G. gallus) hatched from fertilized specific pathogen-free eggs purchased from Charles River Laboratories (North Franklin, CT) and reared on a carotenoid-rich diet (Start & Grow; Purina Mills, St Louis, MO). The birds were euthanized by carbon dioxide asphyxiation following an approved protocol (Washington University ASC protocol no. 20140072), the eyes were dissected, and the retinas were processed as described below.
Chromatographic analysis of retinal carotenoid content
HPLC was used to identify and quantify the carotenoid composition of whole retinas. Immediately after harvest, retinas were frozen at 2808C and stored for up to four months prior to analysis. We thawed the retinas on ice, added 500 ml of phosphate-buffered saline (PBS) and homogenized them on ice using a glass dounce homogenizer. We measured the total protein content of the homogenate with a bicinchoninic acid assay following the manufacturer's instructions (cat. no. 23250; Thermo Scientific, Rockford, IL). Five hundred microlitres of the retinal homogenate was transferred to a 9 ml glass culture tube and extracted three times with 500 ml of hexane : tert-butyl methyl ether 1 : 1 (vol. : vol.). The extracted material was split equally between two tubes, and dried under a stream of nitrogen. The extracts were saponified with 1 ml of 0.02 M NaOH in methanol for 4 h or 0.2 M NaOH for 6 h, under nitrogen, at room temperature in the dark. The two different saponification conditions are optimized for the recovery of ketocarotenoids (0.02 M NaOH) or hydroxycarotenoids, carotenes and apocarotenoids (0.2 M NaOH) [29] . Saponification is necessary because the carotenoids in the avian retina occur as fatty acid esters that must be removed before HPLC analysis [29] . Following incubation in the dark, the reaction was stopped with the addition of 1 ml of saturated NaCl in water, then 2 ml of water. The saponified carotenoids were extracted with 2 ml of hexane : tert-butyl methyl ether 1 : 1 (vol. : vol.) and then dried under a stream of nitrogen. For HPLC analysis, the dried saponified samples were resuspended in 200 ml of methanol : acetonitrile 1 : 1 (vol. : vol.), and 100 ml was injected into an Agilent 1100 series HPLC machine fitted with a reverse-phase YMC carotenoid 5.0 mm column (4.6 Â 250 mm). The samples were monitored with a UV/Vis diode array detector at 350, 400, 445 and 480 nm and eluted using two different HPLC methods, as detailed in electronic supplementary material, table S1. We used method A to separate and quantify the ketocarotenoid samples and method B for the apocarotenoids, hydroxycarotenoids and carotene samples. Carotenoids were identified and quantified by comparison with authentic standards that were gifts of DSM Nutritional Products (Parsippany, NJ) or purchased from CaroteNature GmbH (Ostermundigen, Switzerland).
Hyperspectral confocal fluorescence microscopy
A custom-built hyperspectral confocal microscope [30] was used to acquire detailed spectrally resolved images of the laser-stimulated fluorescence and resonance-enhanced Raman scattering of the carotenoids within the cone oil droplets. Freshly dissected chicken retinas were fixed overnight in 4% paraformaldehyde, washed with PBS and then mounted photoreceptor side up on a microscope slide in 20% glycerol in PBS. Samples were shipped overnight from the collection site (Washington University, St Louis, MO) to the microscopy laboratory (Sandia National Laboratory, Albuquerque, NM) and analysed within 48 h of being collected. The samples were kept on ice and protected from light throughout preparation and shipping to limit degradation of the carotenoids. Reference carotenoids were collected from purified HPLC fractions of chicken retina (n ¼ 10, P21) as described above. We dissolved 0.8-16.4 mg of each carotenoid in 0.25 mg of glyceryl trilinoleate (T9517; Sigma, St Louis, MO), suspended the carotenoid/lipid droplets in PBS, and spotted them onto microscope slides for analysis.
The general hyperspectral microscopy methodology has been described previously [30, 31] . Briefly, a 488 nm laser was focused onto the sample through a 60Â (1.4 numerical aperture) apochromat objective. Raman scatter and fluorescent emission (500-800 nm) were collected at a resolution of 3 nm by the same objective and spectrally dispersed through a custom-built prism spectrometer onto an electron multiplied CCD camera. Images were 25 Â 25 mm and acquired at 240 ms per voxel (spatial resolution: 240 Â 240 Â 600 nm). In some instances, successive images were acquired at an axial spacing of 1 mm to acquire spectral data from cone oil droplets at various depths in the retina. Following pre-processing as described previously [32] , spectral images were combined into a composite spectral image dataset and were analysed with custom multivariate curve resolution (MCR) algorithms [33 -35] as described previously [31, 36] (and references therein) to identify component spectral signatures.
From the MCR processing of the hyperspectral fluorescence and Raman images, we obtained image stacks, with each slice representing the mean intensity along the z-axis for a given spectral component. The droplets were then identified, and the component intensities were measured from the stacks using IMAGEJ [37] . To group the droplets by composition of their emission spectra, we used the partitioning around medoids (PAMs) method [38] . The PAM analysis was implemented in R v. 3.1.3 [39] using the cluster package [40] . We found that clustering the droplets into four groups provided the best fit to the data and maximized the average silhouette width coefficient (mean s i . 0.68), a measure of clustering quality [41] .
Expanded oil droplet microspectrophotometry
Owing to the high pigment density and refractive index (RI) of the cone oil droplets, it is not possible to collect detailed absorbance spectrum measurements with conventional MSP approaches [5, 20] . To overcome these limitations, we used the methods of Liebman & Granda [20] to dilute the pigment and reduce the RI of the droplets by expanding them with mineral oil. Freshly dissected retinas were lysed in 1 ml distilled water by trituration and vortexing, and then centrifuged at 10 000g for 2 min in a tabletop centrifuge. The oil droplets were collected from the surface of the liquid and transferred to a new tube containing 500 ml of distilled water. The oil droplet/water mixture was spotted onto concanavalin A (C5275; Sigma)-coated quartz coverslips and dried by incubating at 508C for 10 min. To reduce potentially confounding light scatter, we covered the dried droplets with glycerol (G5516; Sigma), which has an RI (approx. 1.471) similar to that of the mineral oil (RI 1.476). The light absorbance spectra of the oil droplets were measured with a custom-built microspectrophotometer described previously [42] . Isolated droplets were scanned from 350 to 700 nm, and the droplet diameter was measured both before and after expansion with mineral oil. The droplets were then expanded by fusing them with a droplet of light mineral oil (330779; Sigma) expressed from the tip of a pulled glass pipette. We calculated the peak optical density (OD) of the unexpanded droplets following Goldsmith et al. [5] .
Fitting oil droplet spectra with pure carotenoid spectra
To estimate the carotenoid composition of the cone oil droplets, we used a linear additive model to find the combination of pure carotenoid spectra that best fit the measured oil droplet spectra. The absorbance spectra from 350 to 700 nm of the seven major carotenoids observed in the HPLC analyses of whole retinas (table 1) were normalized to a peak absorbance value of 1 (figure 1c). Then, nonlinear least-squares (nls) regression in the base package of R v. 3.1.3 [39] was used to fit these pure carotenoid spectra to the normalized absorbance spectra of the expanded oil droplets with the following model:
where D is the normalized spectrum of the respective pure carotenoids or the spectrum of the oil droplet to be fitted at the wavelength l, and a is the relative density of each pure carotenoid. We used the 'port' algorithm to find the best fit values for a, Table 1 . Major carotenoid peaks observed in HPLC analysis of 21 day old chicken retinas (n ¼ 3). The major l max values of the absorbance spectra are given in italics and parentheses denote shoulders in the spectrum. The concentration is given as mg per mg of protein. constraining a to values !0, and set the starting values of a to 0. To ensure that the models converged to global minima, the mean expanded droplet spectra were fitted with all possible initial a values from 0 to 1, incremented by 0.2, using the 'brute-force' method in the nls2 package [43] . The starting points identified with this method and starting values of 0 for all a values converged to identical values (electronic supplementary material, table S2).
Spectral filtering of pure and mixed carotenoid droplets
To examine the impact of carotenoid mixing on the spectral filtering function of the cone oil droplets, we predicted and compared the spectra of the measured oil droplets and pure carotenoids over a range of optical densities. We calculated absorptance spectra following Goldsmith & Butler [44] :
where a is the peak OD of the droplet and D is the normalized droplet or pure carotenoid spectrum. We predicted the spectra for a range of optical densities (a ¼ 0.1 -12.5) and calculated the cutoff wavelengths (l cut ) from these spectra following a published method [21] . l cut provides a measure of the spectral location of the long-pass filtering of the droplet and is defined as the wavelength at the intersection of the tangent to the long-wavelength limb of the absorbance curve and the maximum absorbance of the droplet [21] . We also calculated the proportion of shortwavelength light transmitted by these spectra as the average of transmittance 1 -A(l) from 350 to 400 nm.
Results
Chromatographic analysis of retinal carotenoid content
In our initial analysis, we sought to determine the palette of carotenoid pigments present in the avian retina using HPLC. We identified seven major species of carotenoid (each constituting greater than 2% of total) in the post-hatch day 21 (P21) chicken retina. These seven carotenoid types fall into four major classes. The most abundant class was the apocarotenoids, making up 46% of the total carotenoid content of the retina (table 1) . Apocarotenoids are the product of an oxidative cleavage of C40 carotenoids [45] , which produces a relatively truncated system of conjugated double bonds and short-wavelength shifted absorbance spectra ( figure 1c,d and table 1) . The most abundant member of this class was galloxanthin with eight conjugated double bonds. We also observed two other apocarotenoids (Apo1 and Apo2), whose structures are currently unknown. Apo1 has an absorbance peak similar to galloxanthin (396 nm) but a more sharply peaked absorbance spectrum (figure 1d), which is characteristic of carotenoids containing an 1-ring configuration [46] . Apo2 has a fine structure similar to that of galloxanthin, but is short-wavelength shifted by 22 nm (figure 1d).
The second most abundant class of carotenoids in the chicken retina was the ketocarotenoids, making up 26.4% of total carotenoid content. This group has ketone functional groups in the 4 and 4 0 positions that extend the conjugated system, thereby producing a long-wavelength absorbance spectrum with a single broad peak (figure 1f ). The most abundant members of this group were cis and trans isomers of astaxanthin (table 1) . We also observed two minor ketocarotenoid peaks in our HPLC analyses, but these each made up less than 2% of the total carotenoid profile and were not included in our subsequent fitting analyses (electronic supplementary material, table S4 and figure S5 ).
Hydroxycarotenoids made up 24.4% of the total carotenoid content of the chicken retina. Hydroxycarotenoids are characterized by hydroxyl functional groups in the 3 and 3 0 positions of the b-ionone ring, which increase the polarity of the molecule but do not have a major influence on their spectral absorbance (figure 1e). The most abundant members of this group were lutein and zeaxanthin (table 1) . We also observed five minor hydroxycarotenoid peaks in our HPLC analyses; however, each made up less than 1.5% of the total carotenoid profile (electronic supplementary material, table S4 and figure S5) .
Lastly, we observed small amounts (3% of total) of a single carotene in the chicken retina that we have putatively identified as 1,1'-carotene, based on published descriptions [5] (electronic supplementary material, table S4 and figure S5).
Hyperspectral microscopy of oil droplets
Having determined the palette of carotenoid pigments present in the chicken retina, we next sought to determine the distribution of these carotenoids among the cone oil droplets using hyperspectral microscopy. Spectrally resolved fluorescence and Raman scatter were collected on a total of 213 individual pigmented oil droplets from the central and mid-peripheral retina of the chicken. We also observed a subset of oil droplets by bright field microscopy that did not produce detectable emission and are consistent with the unpigmented T-type droplets of the SWS1 cones. Among the other oil droplet classes, several carotenoid Raman vibrations were resonance enhanced by the excitation laser (488 nm) producing emission spectra with Raman bands superimposed on a broad fluorescence signal (figure 2b-e) [30] . Without any prior information regarding the known spectra of carotenoids, we derived four components from de novo MCR processing of the oil droplet spectra that explained greater than 99% of the spectral variation and were closely matched to the spectra of the major carotenoids found in the avian retina (figure 2b-e). Subtle differences between the oil droplet spectral components and the authentic standards are likely to reflect differences in the solvent environment of the droplets and standards [47] . The intensity of the emission spectra generated by a given amount of purified carotenoid varied by as much as 20-fold among the carotenoid types (figure 2f ), indicating that signal intensity is not a direct measure of abundance.
We observed all four MCR spectral components in nearly every droplet we analysed, and the relative intensity of the components varied among the oil droplets. Therefore, we could readily assign each oil droplet to one of four distinct groups by PAM clustering analysis of the relative spectral component intensities (figure 3a). Group 1 was the largest with 125 droplets (58.6% of total), and all four components contributed similar proportions to the spectra of this group ( figure 3a,b) . Group 1 most likely comprises P-type droplets of the double cone, which are the most abundant class in the retina [6] and were previously postulated to have a mixed carotenoid composition [5] . Group 2 contained 32 droplets (15.0% of total), with spectra dominated by hydroxycarotenoid components (c1 and c2). The frequency g a l l o x a n t h i n l u t e i n z e a x a n t h i n a s t a x a n t h i n c i s -a s t a x a n t h i n emission intensity µg −1 ( f ) Figure 2 . (a) False colour composite image of the cone oil droplets showing the relative contributions of the four spectral components to the droplet emission spectra, as measured by hyperspectral fluorescence microscopy and defined by MCR analysis. (b-e) The multivariate curve resolution (MCR) spectral components derived from the cone oil droplet emission spectra overlaid with the best matched emission spectra of the pure preparations of the major carotenoids in the avian retina. Right: detailed view of the major resonance peak. (f ) The peak emission intensity per microgram of the pure carotenoid preparations.
rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150563 and composition of these droplets are consistent with the Y-type oil droplet of the MWS cone ( figure 3a,b) . Group 3 contained 35 droplets (16.4% of total), with spectra containing a large ketocarotenoid component (c3) consistent with R-type droplets (figure 3a,b) of the LWS cone. Group 4 contained 21 droplets (9.9% of total), with apocarotenoid-dominated spectra consistent with C-type droplets ( figure 3a,b) of the SWS2. The frequencies of oil droplet types identified in this analysis are comparable to those observed in previous studies [6] and, taken together, these results indicate that all of the droplets contain complex mixtures of carotenoids. However, variation in the sensitivity of the hyperspectral analyses to the different carotenoids limits our ability to estimate the precise abundance of each type in individual oil droplets.
Expanded oil droplet microspectrophotometry
Next, we used MSP to determine the relative concentration of the carotenoids within each oil droplet type. We acquired detailed absorbance spectra by diluting and expanding isolated droplets following published methods [5, 20] (figure 4a,c).
We measured the absorbance spectrum and droplet diameter before and after expansion for a total of 19 pigmented oil droplets and classified the droplets by the cut-off wavelengths (l cut ) of their unexpanded spectra. We figure 4b ) droplets. These cutoff values are consistent with the ranges previously reported for chickens [48] . The unexpanded droplets had relatively structureless cut-off absorbance spectra, similar to those previously reported (figure 4b) [49] . There was significant transmittance in the droplets at short wavelengths (less than 400 nm), but this was an artefact probably caused by scattering of the measurement beam [21] . In contrast, our measurement of expanded droplets produced well-resolved complex spectra (figure 4d ). OD differed significantly among the cone oil droplet types (F 3,15 ¼ 25.42, p , 0.001). The R-type droplets were the most dense (OD ¼ 11.3 + 1.6), followed by the Y-type droplets (5.0 + 0.3), then the C-type droplets (2.4 + 0.4). P-type droplets were the least dense (1.5 + 0.4).
We estimated the pigment composition of the droplets by fitting mixtures of pure carotenoid spectra to the expanded oil droplet spectra. To validate this approach, we measured mixtures of known carotenoid composition and fitted them with the pure spectra as detailed above ( §2.5). We found that this curve-fitting method yielded highly accurate estimates of the carotenoid content (electronic supplementary material, S5. Spectral curve-fitting validation).
Next, we analysed the expanded cone oil droplets. The C-, Y-and R-type droplet spectra were dominated by a single carotenoid type and fitting these with pure galloxanthin, zeaxanthin and astaxanthin, respectively, explained the majority of variation ( figure 5a,c,d ). However, adding additional carotenoid types to the analysis substantially improved the fit to the spectra and explained as much as 99% of variation in some types ( figure 5a,c,d ). The spectra of the P-type droplets were best fitted by galloxanthin with significant contributions from hydroxycarotenoids (figure 5b). g a l l o x a n t h i n c i s -a s t a x a n t h i n z e a x a n t h i n a s t a x a n t h i n l u t e i n (d ) Figure 5 . The pure (left) or mixed (middle) carotenoid spectra that best fit the spectra of expanded (a) C-type, (b ) P-type, (c) Y-type and (d) R-type oil droplets. The mean + s.e. proportion of each carotenoid type in the mixed carotenoid fit (middle) is shown in the bar graphs to the right of each curve.
Overall, these results agree with our hyperspectral confocal microscopy analysis indicating a complex mixture of carotenoids within each of the cone oil droplet types and support the previously hypothesized identities of the dominant pigments within each droplet type [5] .
Spectral filtering of pure and mixed carotenoid droplets
To examine how the mixture of carotenoids and their concentrations contribute to the spectral filtering function of the cone oil droplets, we compared long-wavelength filtering cut-off (l cut ) and short-wavelength (350-400 nm) transmittance of the measured droplets to hypothetical droplets containing a single pure carotenoid type over a range of optical densities ( figure 6a,b) . The predicted l cut for each of the pure carotenoids rises rapidly as the OD increases from zero, but then plateaus at high optical densities (figure 6c). The rate of change in the predicted l cut value varies among the different carotenoid types. For example, the l cut predicted for the apocarotenoid galloxanthin increases by 4.3 nm as the OD increases from 5 to 10, and the l cut predicted for zeaxanthin changes by 5.3 nm over the same range. In contrast, the predicted l cut of astaxanthin increases by 10.5 nm over this range. Thus, the degree to which l cut can be tuned through changes in concentration differs among the different carotenoid types. The measured l cut of the R-, Y-and C-type droplets were well matched by the predictions from pure astaxanthin, zeaxanthin and galloxanthin droplets, respectively, at comparable optical densities (figure 6c). The l cut of the P-type droplets was not well matched by the predictions for any of the pure carotenoid spectra. This is likely to reflect the low OD of the P-type droplets and the combined spectral contributions of the short-wavelength-absorbing apocarotenoids and longwavelength-absorbing lutein and zeaxanthin. The measured short-wavelength transmittance of all of the single cone oil droplets was very low, and the transmittance of the Y-type droplets was significantly lower than the values predicted from the spectrum of pure zeaxanthin alone (t 3 ¼ 24.1, p ¼ 0.026, figure 6d ). This result suggests that the minor components, especially apocarotenoids, contribute significantly to the short-wavelength filtering function of these droplets. The transmittance of the P-type droplet was the highest among the oil droplet types and reflects the relatively low pigment density in this class of droplets. Taken together, our results indicate that the long-wavelength filtering of the single cone oil droplets is determined by the dominant carotenoid in the . An example of the absorptance spectra over a range of optical densities calculated from (a) the expanded Y-type droplet spectrum and (b) the pure zeaxanthin spectrum. These calculated spectra were used to predict l cut and short-wavelength transmittance of the pure carotenoids over a range of optical densities. (c) The measured mean + s.e. of l cut and optical density (OD) of the cone oil droplets ( points) overlaid on the l cut predicted for pure carotenoid spectra over a range of optical densities. (d ) The measured mean + s.e. short-wavelength (350-400 nm) transmittance and OD of the cone oil droplets ( points) overlaid on the short-wavelength transmittance predicted for pure carotenoid spectra over a range of optical densities.
rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150563 droplet, but the minor components may enhance the filtering in the short-wavelength region to bring them closer to functioning as ideal long-pass filters.
Discussion
Carotenoid pigmented cone oil droplets play an essential role in bird vision [7] [8] [9] 44] , and here we provide the most detailed account of their composition to date. Consistent with previous studies [5] , we identified the dominant pigment in the R-type droplet as a ketocarotenoid (astaxanthin). The primary carotenoid of the Y-type droplet was a hydroxycarotenoid (zeaxanthin), whereas apocarotenoids (e.g. galloxanthin) were the major pigments in the P-and C-type droplets. In addition, our analyses revealed that the composition of the droplets is much more complex than previously thought and that each class of oil droplets contains multiple carotenoid types. Our study also demonstrates the utility of hyperspectral microscopy and spectral curve-fitting analyses for investigating the carotenoid composition in animal tissue.
Apocarotenoids are abundant and widely distributed in avian cone oil droplets
The apocarotenoid galloxanthin was among the most abundant carotenoids in the eye and was found in all four classes of pigmented oil droplets. This abundance may reflect galloxanthin's importance as a short-wavelength filter (discussed below). We also observed a second apocarotenoid (Apo2) with a short-wavelength shifted spectrum that was an important component of the C-type droplet. Apo2 is consistent with an apocarotenoid previously identified as 'fringillixanthin' in the retinas of some songbird species [5] . This molecule was hypothesized to be a truncated form of galloxanthin with seven conjugated double bonds. However, the precise structure of this molecule is currently unknown. The P-type droplets of the double cones were primarily pigmented with galloxanthin, but with large contributions from hydroxycarotenoids. This mixture produces droplets with a strong absorbance peak in UV and a weaker shoulder or peak at longer wavelengths. The long-wavelength absorbance of the P-type droplets is known to vary along the dorsal ventral axis of the eye [48, 50] and probably reflects changes in the abundance of hydroxycarotenoids. Our MSP sample size was not large enough to characterize this variation; however, our hyperspectral measurements suggest considerable variation in the hydroxycarotenoid composition of the P-type droplets.
The density of the P-type droplet is relatively low and is therefore unlikely to function as a sharply defined cut-off filter. These differences in density and filtering may reflect the functional specializations of the double cone discussed below.
Functional implications of complex carotenoid composition
The spectral filtering of the oil droplets of the single cone receptors is predicted to improve avian colour discrimination [7] [8] [9] , and is a direct function of the types and concentrations of carotenoids within the droplets. We have found that the long-wavelength cut-off (l cut ) of spectral filtering is almost wholly determined by the dominant carotenoid within each class of droplets. The experimentally measured l cut values of the single cone oil droplets were well predicted by a simple calculation of the absorptance spectra of the dominant carotenoid within each class at the measured OD of the droplet. Therefore, the complex mixtures of carotenoids in the droplets do not contribute significantly to long-wavelength filtering. Our modelling also revealed that the l cut for the pure carotenoid spectra tends to rise and then plateau as the OD increases. For most carotenoid types, there is only a small change in l cut as OD increases beyond 5. Therefore, increases in the carotenoid concentration beyond these levels may have little effect on the positioning of the spectral filtering cut-off. However, the predicted l cut of astaxanthin continues to increase at a relatively greater rate as OD increases, when compared with the other carotenoid types. Thus, there may be a greater dynamic range for tuning l cut by modulating carotenoid density in red cone oil droplets. This finding may explain the extremely high OD reported in red cone oil droplets of some birds and turtles [5, 20] . The levelling off of l cut with increasing OD generates relatively discrete and predictable spectral filtering cut-offs. Therefore, a particular l cut may only be achieved by a specific combination of carotenoid types. Major shifts in the filtering of the cone oil droplets may therefore require a change in the dominant carotenoid type within the droplet. We hypothesize that carotenoid-metabolizing enzymes within individual cone types play a key role in determining the carotenoid constitution of individual oil droplet types. The plateauing of l cut at high OD may also explain why diet-driven changes in total retinal carotenoid accumulation appear to have limited impact on visually guided behaviours [51, 52] . It is unlikely that relatively small changes in carotenoid concentration of already very dense single cone droplets will substantially alter the long-wavelength spectral filtering of the droplets. However, the case may be different for the low-density P-type droplets: dietary [53] or developmental light environment-induced changes [48] could impact visual function of these droplets because they are not functioning as strict cut-off filters.
The complex carotenoid mixtures in cone oil droplets contribute significantly to the short-wavelength filtering of the oil droplets. The short-wavelength transmission (350-400 nm) calculated from the measured spectra of the Y-type droplets was significantly lower than the values predicted for the pure spectra of the dominant carotenoid, zeaxanthin. Thus, the addition of short-wavelength-absorbing apocarotenoids to the dominant hydroxycarotenoids in the Y-type droplets allows them to effectively filter light ranging from the UV (less than or equal to 350 nm) up to approximately 500 nm. Vertebrate photopigments typically have two absorbance peaks, a major a-peak and a secondary b-peak in the UV [54, 55] . In birds, the ocular medium is often transparent to UV [56] , allowing for UV sensitivity via the SWS1 cones. However, this transmitted UV light will also stimulate the b-peak of the longer-wavelength opsins (e.g. MWS, LWS), which would compromise colour discrimination. Therefore, the short-wavelength filtering of the apocarotenoids may be an adaptation to selectively block short-wavelength light within specific subtypes of photoreceptors while allowing UV sensitivity in others.
Short-wavelength light is prone to chromatic aberration within the eye, which compromises spatial resolution [57] . This may explain why the double cones have lowdensity short-wavelength-absorbing apocarotenoid pigments in their droplets. The double cones are thought to primarily mediate luminance discrimination and spatial vision [2] [3] [4] 58] . Reduction of light capture with a filtering pigment seems contrary to this function. However, the cost of reduced sensitivity may be outweighed by the benefit of filtering out short-wavelength light blurred by scattering and chromatic aberration. The presence of short-wavelength-filtering apocarotenoids in pigmented droplets may also serve to protect the photoreceptors against the photooxidative effects of short-wavelength light.
Among bird species, the UV transmittance of the ocular media [56] and exposure to UV can vary widely. These variations are potentially complemented by changes in the apocarotenoid composition of the cone oil droplets. In species with UV absorptive ocular media or limited exposure to UV, we might expect relatively low levels of apocarotenoid pigmentation, while species with UV transparent media in UV-rich environments may have higher levels and a greater diversity of short-wavelength-absorbing apocarotenoids. The potential exists for a complex coevolutionary relationship between oil droplet pigmentation, ocular media transmittance and opsin spectral tuning that allows birds to fine tune their visual systems in ways we are only beginning to appreciate.
